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Abstract — Indoor radon concentration of two consecutive half-year measuring periods in 3074 Finnish dwellings were analysed.
The periods were the warmest and coldest half-year periods in Finland, The mean of winter/summer concentration ratio in all
low-rise residential buildings was 1.28, and in houses with winter concentrations of <50, 50-100, 100-200 and >200 Bq.m"?,
0.97, 1.22, 1.34 and I.55, respectively. The results are in agreement with the results predicted by the model, which takes into
account the varying contribution of diffusive and convective radon entry as well as the contribution of stack effect and wind
induced air infiltration. The model is a useful tool for estimating the average correction factor for the anmual average radon
concentration from the two months measurements used in Finland. Typical comection factors vary in the range of 1.0-0.7,
depending on the cutdoor temperature and on radon concentration level, Model comparison with winter/summer ratios measured
in houses with slab on grade suggests an average diffusive radon entry rate of 7 Bg.m™.h™' and a convective entry rate of
50 Bg.m™h™ at an average indoorfoutdoor temperature difference of 17 K. The use of a simple averaging of winter/summer
ratios for houses with varying radon levels, creates inaccuracy in the information on seasonal variation. Surprisingly, the behaviour
of the winter/summer ratio in blocks of flats was very similar to that in low-rise residential buildings. The results suppont the
interpretation that soil air leakage also contributes unexpectedly to the radon concentration in flats,
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is to present the results concerning the seasonal vari- The modelling used for the predictions of seasonal
ation and to compare the results with model predictions.  variation combines both air infiltration and radon
This is also the first Finnish study providing representa-  sources to a simple model. At first, Finnish air infil-
tive information on seasonal variation in blocks of flats.  tration models were tested, but then the Lawrence
Berkeley Laboratory (LBL) air infiltration model was
chosen as it has been tested in moderately cold climates
and because it gives a simple analytical basis for
calculaticns'®,

Indoor radon measurements The LBL infiltration model adds in quadrature the

The measurements were carried oul in 1990-91 in the infiltration rates due to indoor—outdoor temperature dif-

dwellings of 3074 persons randomly chosen from the ferences (stack effect) and wind speed as follows:
Central Population Register, 2071 of these in low-rise Q = ELA [(f,AT?%*? + (f, v)*]'* ((}]

MATERIALS AND METHODS
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N=QV! (2)

where Q is the total infiltration {(m>.s™'), ELA is the
effective leakage area (m?), AT is the indoor-outdoor
temperature difference (K), {,; is the stack parameter
(m.s~".K™"2), v is the meteorological wind speed at 10 m
and £, is the wind parameter. N is the air exchange rate
(b1} and V the house interior volume (m?).

The envelope leakage exponent of AT in Equation 1
is 0.5 for turbulent air flows and 1.0 for laminar air
flows, the effective parameter is in the range of 0.5-0.7.
The contribution of flow through vents and non-planned
leakage routes to the total air infiltration affects the
effective value of this exponent, as described later in
this section. Comparison between predicted and meas-
ured air flows, made by the LBL give an estimate of
0.65 for the exponent®. The comparison implies that
the original model, with an ¢xponent of 0.5, averpred-
icts at low pressures and underpredicts at high pressures.
In this study a value of 0.65 for the flow exponent will
be used.

In the development of the infiltration model, it is
assumed that all significant air flow takes place directly
through the shell of the house envelope. Normally Finn-
ish low-rise residential houses have been equipped with
exhaust vents, located mostly in the kitchen and bath-
rooms. Air flow through a vent, Q). can be expressed
as follows'®:

Q. = ALY + 2gh"AT/T,,}'* (3}

where A, is the leakage area of the vent (m?), v is wind
speed at the top of the ventilation stack (m.s™'), h' is
the height of the stack {(above the neutral level), g is the
acceleration of gravity (9.8 m.s*2), AT is the indoor—
outdoor temperature difference and T,,, is the outdoor
temperature (K).

In Finland, the use of air intake vents in living rooms
and bedrooms was uncommon before 1987 when a new
building code was instituted*'®, As a rule the new code
requires mechanical ventilation. When natural venti-
lation is chosen air intake vents are required. The air
flow through a vent will be balanced only if there is an
intake vent of the same air flow. Houses with intake
vents are at the present time few in number and hence
the air flow through exhaust vents in the Finnish hous-
ing stock is, in general, unbalanced. Unbalanced flow
adds to the total infiliration in quadrature. The wind and
stack effect induced components of the vent flow, Equ-
ation 3, are approximately similar physically to the
infiltration Equatien 1. Therefore, the addition of the
unbalanced flow through the vents to the stack and wind
induced flows through the house envelope is explicable
as alterations in the leakage area as well as the stack
and wind parameters of the air infiltration equation.

The fraction of leakage in the floor and ceiling affects
both the stack and wind parameters'®’. In houses with
slab on grade, the floor leakage is of the order 1 m*.h"',
as estimated in the present study. In such cases the floor

M

leakage area is, in comparison with the total air infil-
tration, virtually negligible. However, as a source of
indoor radon concentration, this leakage area is signifi-
cant. The available measured results from the fraction
of leakage in the ceiling in Finnish moderately tight
houses are 40-60% (pressurc tests, vents closed)!'".
Exhaust vents are installed through the ceiling and
increase the flow through the ceiling. Based on a study
of 60 houses with natural ventilation, the non-planned
flow through the envelope is typically 30-60% of the
total infiltration*'?", As a result, the overall fraction of
leakage in the ceiling is approximately 70-80%. These
calculations resulted in a value of 0,08 for the stack
parameter and 0.11 for the wind parameter (Equation 1)
of the model house presented in Table 1.

Radon concentration prediction

Equations 4-9 give the steady state radon concen-
tration A (Bg.m ) used in model calculations:

Table 1. Physical characteristics of the model house used in
the calculations.

Substructure Slab on grade
Floor area 100 m?

No of storeys 1

House height 4m

House volume, V 250 m’

House interior height 2.5m
Ventilation Natural

Wall bearing structures Wooden

Alr exchange model

parameters™®

Leakage area, ELA* 0.036 m?
Ceiling leakape area 75% of ELA
Terrain class 3

Wind parameter, f,, 0.11

Stack parameter, f,, 0.08 ms K '?
Indoor temperature 22°C
Ventilation rate 0.40 b
Radon conceniration and

sources

Average soil gas radon 30,000 Bq.m™*
concentration

Indoor radon concentration, 170 Bq.m™3
annuat average

Diffusive radon, volumetric 6 Bq.m*h!
entry rate, S

Convective radon entry rate, per 2.8 Bqm *h K™
unit indoor—outdoot temperature

difference**

Convective soil air lcakage rate, 0.4 m*h™'

QIDIl**

*Calculated at cutdoor temperature of 0°C and wind speed

of 43 ms.

**Calculated for the following annoal average climatic para-
meters: outdoor temperature 4.4 °C, wind speed 3.3 ms™'.
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Sion = Asoit Quan 4)
Quon = AP, R{! (3)
AP, = pog g Hopy AT T} (6)
AP, =P, H,, AT(T,, T, ¥)]
A = [AgFun AT (T T + S M+ NIV + AL, (8)
Fooa =Py Hoy R 9

The source comprises two components, diffusion
from building materials; S,(Bg.h™') and radon source
due to convective flow of soil gas into the house, S,
{Bg.h~%). The force driving the convective flow is the
pressure differential caused by the indoor—outdoor tem-
perature difference, AT (K), this phenomena designated
as the stack effect®. T,, and T,,, indicate the indoor and
owtdoor temperatures (K). 8., 1s proportional (o the soil
gas radon cencentration A,.; (Bg.m™>) and flow rate of
soil gas into the house Q ,;(m>.h~"), which in turn is the
quotient for the stack pressure difference AP, (Pa} at
floor level and the flow resistance R, (Pa.h.m™). R, is
the total resistance of both floor cracks and soil, to sail
gas How. The stack pressure at floor level is given in
Equation 6®, In deriving Equation 7 from Equation 6,
the density of the entdoor air p,,, was cxpressed in terms
of the air density (129 kg.m™) at a temperature of
273 K. The acceleration due to gravity, g, is 9.8 m.s™2,
thus P, has a value of 3450 Pa.m™' K. H,, is the height
of the neutral pressure level (m)® above floor level. F,
is the leakage parameter and accounts for the total leak-
age for the soil (m>.h™'.K). A is the radicactive decay
constant of 222Rn, 0.0076 h™', N being the air exchange
rate (h~') (Equation 2). A,,,, is the outdoor air radon con-
centration, the annual average being about 5 Bq.m~*™,
The factor A.iF.in (TiwTo) ' demonstrates the total
convective radon entry rate per unit temperature differ-
ence.

Equations 10-12 give the quotient for the radon con-
centration of winter and summer periods, Ay/Ag, as a
function of Ay, in the case N ® A and Tys=T,w,
solved from Fquation 8, The variables are defined
above, subscnpts W and S referring to winter and sum-
mer periods.

Aw A = AgdK, Ay + K;)!
K, = Touw AT Ny (Tois ATw Ng)!
Ko =8p V7' N5' |1 = Touw ATs(Tous ATw) ™'}
+ {1 - K )Ao.

aom
(11)

(12)

Model house

Table 1 shows the physical characteristics of the
model house used in our calculations. The house rep-
resents the most common house type in Finland; based
on a nationwide study, 50% of the low-rise buildings
are of this type, ie. with slab on grade and single
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storey”™. The average radon concentration of the con-
vective leakage air is given in Table 1, in order to esti-
mate the convective flow rate Q..;. The indoor radon
concentration of the model house, 170 Bq.m™, is the
average value measured for houses with slab on grade
in the nationwide survey®™. The estimate of the average
radon concentration of soil gas convectively flowing
into the house, 30,000 Bq.m™3, is based on an estimate
of the average deep soil radon concentration of 50,000
Bq.m™. This concentration was multiplied by an
approximate factor of 0.6, which displays the ratio of
leakage air radon concentration to the deep soil radon
concentration. The estimate of the deep soil concen-
tration, 50,000 Bg.m3, is calculated on the basis of the
average 2*®U concentration of the Finnish moraines'!™,
41 Bq.kg™!, with an average emanation coefficient of
0.2 and a soil porosity of 0.3.

For low-rise residential houses with wooden wall
structures and slab on grade, both diffusion through the
concrete slab and from the slab material should be con-
sidered as diffusive entry mechanisms. The exhalation
rate through a typical uncovered floor slab in Finnish
houses with a thickness of 6cm would be
70 Bg.m"2h"'"® when the soil air radon concentration
below the slab is 30,000 Bq.m™’. The corresponding
effective diffusion coefficient was 3.8 x 10* m?s*
(porosity 0.17, density 2.18)"¥. This is in agreement
with recent results on diffusion through floor slabs!!'®,
the effective diffusion coefficient (product of pore dif-
fusion coefficient and porosity) for a siab with a similar
porosity being about 2 x 1078 m?.s~'.

The cover material of the slab has a most important
role in exhalation. Vinyl coverings with a thickness of
2mm and a diffusion constant of 10779~ 10"
m?s "' when used, reduce the exhalation rate by
more than 90%. Vinyl coverings, especially those with
felt backing, permit horizontal diffusion between the
concrete slab and floor covering, which in turn increases
the radon entry rate. For wood floors the reduction is
much lower than for plastic coverings. Both vinyl cover-
ings and wood floors are used in Finland, vinyl cover-
ings being most comimon, The exhalation rate from an
uncovered slab itself is of the order 5 Bg.m 2.h 517,
As cover material reduces exhalation remarkably, this
contribution is, therefore, low in comparison with exha-
lation through the slab. In this study, a rough approxi-
mation of 15 Bq.m2.h"! for the average diffusive entry
rate from a floor slab in Finnish low-rise houses has
been used (30% wood floors wilh a reduction of 50%,
70% viny!l coverings with a reduction of 95%).

The average air exchange rate, 0.40h ', as well as
the mean indoor temperature, 22°C, of the medel house
was adopted from a study of 60 houses with natural
ventilation in the capital area'?'®. The air exchange
study was taken during the heating season and the leak-
age area of the model house, 0.036 m?, was calculated
{Equations 1 and 2) utilising the air exchange rate of
040h™" and the mean climatic parameters of the
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measurement period (Nov. 1988-Apr. 1989); tempera-
ture 0 °C and wind speed 4.3 m.s™!.

RESULTS

Table 2 presents the results for winter and summer
periods and the annual average concentration. For flats
the results have been presented for houses with concrete
as the building material, as it is the main building
material in 90% of the blocks of flats studied. The aver-
age winter concentrations in low-rise houses and con-
crete flats were 171 and 78 Bq.m™>, the corresponding
summer concentrations being 133 and 74 Bg.m™*. Fig-
ure 1 demonstrates the distribution of the winter/
summer concentration ratio for 2071 low-rise houses
and for 903 blocks of flats, with means of 1.28 and 1.20,
Figure 2 illustrates the annual average concentralion in
low-rise houses as a function of winter period concen-
tration,

Table 3 gives the winter/summer concentration ratio
as well as the ratio of annual average over the winter
radon concentration. These ratios can be used to esti-
mate the annual average from measurements made dur-
ing one season only, summer or winter. The concen-
tration ratios are presented for concentration groups
<50, 50-100, 100-200 and >200 Bg.m™. In both low-
rise residential houses and flats, the winter/summer con-
centration ratio increases with increasing radon concen-
tration. This is also clearly seen in Figures 3 and 4.

In order to obtain a homogenous study material single
family houses of the model house type, i.e. with slab on
grade, one floor, natural ventilation and weod frame
have been siudied. Figure 3 shows the measured
winter/summer concentration ratio for 439 houses as

well as results of model prediction. Variation in the
winter/summer concentration ratio is quite high, the
standard deviation in single groups being 30—40%. The
low values of the ratio are cleatly concentrated in the
0-100 Bg.m* winter radon concentration range.

Model predictions
The average outdoor (emperature of the half-year

500 -

Frequency

8

100 1

10121416 18 2022 24 28 28 30
Winter/summer ratio

p .
02 04 06 08

Figure 1. Distribution of winter/summer radon conceniration
ratio, based on two half.year measurements in 2071 houses and
903 flats.

Table 2. Winter, summer and annual average radon concentraticn for the 3074 dwellings studied, based on two consecutive
half-year measurements,

N Winter Summer Annual av.
mean gmean mean gmean mean gmean

Low-rise buildings

wooden frame 1645 158 103 125 87 139 g6

concrete frame 253 224 122 164 109 18] 117

All* 2l 171 107 133 91 149 100
Blocks of flats. concrete

ground floor, no cellar i1 198 121 224 115 212 122

ground floor, with cellar 64 R4 70 74 64 78 68

ground foor all 99 119 83 122 77 121 a2

upper floors 563 71 62 65 57 68 6l
All concrere flats* 674 18 65 74 60 76 64
All flats* 93 90 64 76 59 82 63

*Includes dwellings with insufficient questionnaire data for classification.
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study periods were -2.6°C (winter) and + 10°C
{summer). The average wind speeds for the periods
were 3.1 m.s™ and 3.3 m.s™! respectively. The tempera-
tures and wind speeds from Tampere airport, centrally
located in Southern Finland, were used. The minimum
monthly average temperature occurred in February,
-8.0°C, and the maximum in July, 17.1°C. The
monthly average wind speed in Tampere is quite even
throughout the year, 2.5-4.2 m.s~'. The mean tempera-
ture during the study was 4.4 °C, which is close to the
long term (1961-1980) annual average temperature in
Tampere, 3.8 °C. Using the parameters of Table 1. the
calculated average air exchange rates (Equations 1 and
2) of the model house were, in the winter period
0.40 17!, in the summer period 0.28 h™ and during the
whole study period 0.33 .

Figure 5 illustrates the results for the model house
presented in Table 1 as well as for a similar house with
varying diffusion source strengths and air exchange
rates. The air exchange rates utilised in Figures 5, 6 and
3 were calculated for the average outdoor temperature
and wind speed of the winter period, given above. The
air exchange rate and diffusion source strength affect
the steepness of the curve. High diffusion source
strengths and low air exchange rates produce a flatter
curve. Increasing air exchange rate and decreasing dif-
fusion source force the curve to rise rapidly. Parameters
with similar diffusion source strength to air exchange
rate ratio yield approximately similar curves. At high
valves of the winter radon concentration A, where the
contribution of diffusion is of minor importance, the
quotient of winter and summer concentrations
approaches the value of K;' (Equation 10}, The climate

1000

900
800

Annual average radon concentration (Bq.m=—)

O 100 200 300 400 500 600 700 800 9001000
Winter radon concentration (Bq.m™)

Figure 2. The annual average radon concentration A, in 2142

low-rise houses as a function of radon concentration of the half-

year winter measurement Ay. The line represents the linear
regression equation fitted to the point. A, = 12 +0.82 A,,.

a7

is considerably colder in Northern Finland than in Sou-
thern Finland. However, the predicted winter/summer
ratios are very similar to those presented in Figure 5,
even when the climatic conditions of Northem Finiand
(differences less than 15%) or of the south coast
(differences less than 7%) were used.

The relative contribution of the stack effect and wind
induced infiltration to the total infiltration affect the
winter/summer ratio, this is shown in Figures 6 and 3.
High wvalues of stack parameter decrease the
winter/summer ratio, whereas high values of wind para-
meter increase the ratio. The parameter values utilised in
Figure 3 represent the average values of the parameters
presented in Table | and realistic combinations of the
parameters producing high and low winter/summer
ratios,

Comparison with the measured results supports the
value chosen, 6 Bg.m *.h! for the volumetric diffusion
source strength of the model house. The statistical sig-
nificance of the variations in the winter/summer ratio
results of Figure 3 were tested using the following pro-
cedure. First, Equation 10 was rewritlen into the form
presented in Figure 6. Second, a linear regression analy-
sis was performed for the variables Ag/A,, and Ay
using the data of Figure 3, Figure 7 giving the results.
The analysis gave statistically significant (p<0.0001)
values for coefficients K, and K,. By substituting X,
as well as the temperature and air exchange values given
above, into Equation 12, one gets a value of 1720 Bq.h™*
for the diffusion source strength Sy, the corresponding
volumetric entry rate being 7 Bq.m *h™". This is in
good agreement with the value of 1500 Bg.h™' used in
Figure 4.

The average convective radon entry rate, A, F.
(T, T..0) ' and the average flow rate of soil gas into the
house (Qu) were calculated using the average ouldoor
temperature and wind speed of the total smdy period
and the annwal average indoor radon concentration of
the slab on grade houses in this study, 170 Bq.m *®.
These parameters and the results are given in Table [.
The average convective radon entry rate was
706 Bq.h L. K™!, the volumetric entry rate being
2.8 Bqm™h K. This produces a source strength
comparable with the diffusion source strength of
6Bq.m>.h' at a temperature difference of 2 K. The
corresponding volumetric convective radon entry rate at
the average annual indoor—outdoor temperature differ-
ence of 17.6 K is 50 Bqm . h™. Utilising the sojl air
radon concentration of 30,000 Bq.m™, the correspond-
ing flow rate of the soil gas into the house is 0.4 m* b,

DISCUSSION

Low-rise residential houses

The model used herein provides a good physical basis
for comparisons between the predictions and the meas-
ured resuits. The model is a simplification of the
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phenomena affecting radon entry and air exchange. The
model calculations are based on a single compartment
model. In the houses. however, the sources, transport of
radon, as well as air infiliration may differ from room
to room.

The differences in ventilation practices during the two
measuring periods is one of the factors strongly affect-
ing the winter/summer ratio. The lowest value of 0.04
was measured in a house where the supply and exhaust
ventilation system was operating only during the winter
period. In addition, in this upusual case, the measure-
ment room was equipped only with an air intake duct,
the outlet ducts being in other rooms, 1o a study carried
out during the heating season in the capital area'?, in
52% of the dwellings ventilation through open windows
was a daily habit. [n 15% of the cases such airing was
done more than twice a day. The duration of each venti-

lation was less than 2 min, 2-10 min, 10-30 min or
more than 30 min in 5%, 41%, 34% or 20% of the
dwellings respectively. The average air exchange rate in
the category with (he lowest open window ventilation
(less than once per week) was 0.44 h™' and in the high-
est category (more than twice per day) 0.56 h™'. Based
on the average short ventilation durations and on the
rather low differences in ventilation rates between cat-
egories, ventilation through an open window does not
greatly decrease radon concentration during the heating
season. On the other hand, summer ventilation through
an open window is an important factor in increasing the
winter/fsummer ratio, this effect not being taken into
account in the model of this study. In the present study,
with half-year measuring periods, the contribution of
hot summer periods with active window ventilation is,
however, relatively low.

Table 3. Winter/summer and annual average/winter radon concentration ratios for the 3074 dwellings studied, based on
two conseculive half-year measurements,

N Winter/summer ratio Annual av./winter ratio
mean gmean mean gmean

Low-rise houses

winter cone. <250 415 D97 0.90 1.13 1.08

winter conc. 50-100 681 122 1.14 .96 0.94

winter conc. 100-200 599 .34 i26 .91 0.90

winter conc. =200 476 1.55 142 0.86 0.85
Houses with

wooden frame 1645 1,29 0.95 093

concrete frame 253 1.23 099 096
All houses 2171 1.28 1.17 0.96 .93
Blocks of flats, concrete
First floor, no celltar

winter cong, <30 7 072 Q.70 1.27 1.26

winter conc. 50-100 7 1.20 1.16 0.95 0.94

winter conc. > 100 17 1.36 1.19 (598 394

All 31 1.18 1.05 1.03 1.01
First floor with cellar

winter conc. <50 21 0.94 087 1.13 1.10

winter conc. 50100 26 1.23 1.17 0.94 0.93

winter conc, > 100 17 1.56 }.28 0.95 092

All 64 1.22 1.09 1.00 0.98
Upper floors

winter cong. <50 194 0.93 0.88 1.15 1.10

winter conc, 50-100 277 1.23 1.15 0.96 0.94

winter conc. =100 92 1.55 1.41 0.87 0.86

All 563 1.18 1.08 1.01 .98
All concrete flats* 674 1.18 1.08 1.01 098
All flats* 903 1,20 1.08 1.01 098

*Includes dwellings with insufficient questicnnaire data for classification.
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Our previous studies®  yiclded measured
winter/summer ratios similar to the present results. In
the first of these studies, the periods of measurement
were the coldest and warmest two month periods.
Therefore, the winter/summer ratios at high radon con-
centrations were higher than in the current study which
utilised a half-year period of measurement.

Soil air flows may zlso affect seasonal variation,
amplifying, especially on eskers, the indoor concen-
trations either in winter or in summer>'**, Because
of these flows, the winter/summer ratio may vary over a
range of 0.1-1.0. The effect of building soil and relative
position on esker in this study material calls for further
analysis. However, the number of houses on steeply for-
med eskers where subterranean air flows can have a sig-
nificant contribution, is, at maximum, only a few per
cent.

Blocks of flats

The concentrations are highest in ground floor dwell-
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Figure 3. Measured and model predicted winter/summer radon
concentration ratio as a function of winter concentration in 439
low-rise residential houses with wooden frame and slab on
grade. The bar shows the mean radon concentration and the
standard deviation of the ratios measured. The average outdoor
temperatures and calculated air exchange rate of the half-year
periods were in winter —2.6 °C and 0.4h™' and in summer
10.0°C and 0.28 h™'. Curve 1 represents the average paramecter
values of diffusion source strength Sp, air exchange rate N as
well as stack parameter f,, and wind parameter f,,. Curves 2
and 3 represent the parameter values which give low and high
winter/summer ratios, respectively.
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ings with no cellar, because these flats are in direct
ground contact. Both the geometric and the arithmetic
means are higher in these dwellings than in single fam-
ily houses. In blocks of flats with a cellar, the cellar
protects the ground floor fats from direct sail air flow,
and, therefore, the concentrations are close to those of
the upper floors. In most houses, however, there are no
ground floor apartments, because the ground floor
includes storage space, sauna, technical rooms and gar-
ages. This way of building decreases effectively the
number of flats with direct ground contact, which 1s only
about 5% of the total number of flats™,

In the case of flats above the ground floor, it is gener-
ally assumed that the radon scurce is diffusion from
building materials. If diffusion were the only source, the
winter/summnier concentration ratio should not be depen-
dent on radon concentration level, Surprisingly, the
results from the flats are similar to those from low-rise
residential buildings. This can be explained through the
influence of soil air flow also into block apartments,
Other evidence for this result will be introduced below.

Diffusion of radon from concrete used in Finnish fats
has been studied through measorements of radium con-
centration of concrete ballast material and radon exha-
lation from Finnish concrete samples!!?. The arithmetic
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Figure 6. Calculated winter/summet radon concentration ratio
in the modsl house with varying stack parameter [, and wind
parameter {,,.. Curve 1 represents the average parameter values
of stack parameter f,; and wind parameter £, Curves 2 and 3
represent the parameter values which give low and high
winter/summer ratios, respectively. In alt cases the diffusion
source strength is 1500 Bq.h™' and the air exchange rate is
0.40h™\.

mean of exhalation rate was 15 Bq.m 2h"'. The samples
used in the exhalation studies were not surface treated.
Using a surface (radon emitting) te volume ratio of 1.33,
in the case of flats, and an average decreasing factor of
20% for the effect of painting, floor covers and
wallpapers®'-**), the level of source strength per unit
volume is 16 Bq.m2h~'. The studies on the effect of
wall coverings show a large variation, with the
reduction factor of 20% being an estimate of the mini-
mum reduction, based on References 21-23. The volu-
metric source strength of 16 Bq.m™>h™' can be com-
pared to source strength results based on simultaneous
indoor radon and air infiliration measurements in Finn-
ish flats, The arithmetic and geometric means of these
studies are clearly higher, 35 and 27 Bqm>h '™, a
later more exiensive study yields the same values'®.
These studies were made in the capital area, and the
mean values can be regarded as representative even for
the whole country. This comparison, therefore, supports
the view gbout unexpected soil air contribution to radon

‘concentrations in flats.
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The analysis of the log-normal cumulative frequency
distribution of the radon concentrations of the material
of this study also demonsirate (hat one reason for the
convexity of the distribution is the marked contribution
of radon coming directly from the ground@. If the
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Figure 7. Summer/winter concentration ratio (Ag Ay~!) of two
half-year measurements as a function of the inverse of the win-
ter concentration (A"}, in 439 houses with slab on grade and
wooden frame. The line represents the linear regression equ-
ation fitted to the points.
AsAw =K +K; Ay
K, = 0.75 £ 8.05.
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results for ground floor flats are omitted, the distribution
for flats becomes much straighter although still not com-
pletely so.

Potential entry routes for radon rich soil air are
stairwells and various shafts built for ventilation pipes,
water pipes, sewer pipes eic. Air leakage from the shafts
has been studied very rarely; in one block of flats stud-
ied the leakage from the shafts contributed up 1o 30%
of the total air infiltration into the flats on certain
floors®®>. In those cases where the shafts are in direct
contact with permeable sub-foundation ground, radon
concentration of the leakage air may be high. This
hypothesis remains 10 be ascertained through measure-
ments, nonetheless cbservations of shaft leakages in
flats with radon concentration exceeding 400 Bq.m*
have already been made in Finland.

Seasonal correction factor

Table 3 also gives a calculation of the factor by which
the measured winter concentration should be multiplied
in order to get the measured annuai mean. This ratio of
annual average concentration 10 winter concentration for
low-rise residential buildings was on average 0.96. If
the winter period of measurement lasts only two months
in the coldest part of the winter, the ratio of annual to
winter radon concentration, is somewhat smaller than
demonstrated by the results of this study. Table 4 shows
this factor calculated for the model house and for differ-
ent average cutdoor temperatures during the measure-
ment.

The results give a correction factor of about 0.8 for
getting the annual average from the half-year winter
concentration of 500 Bq.m~*. Figure 2 demonstrates that

Table 4. Correction factor for the annual average indoor
radon concentration for different outdoor temperatures
during the measurement period and for varying winter con-

centrations.
Outdoor Correction factor for annual average radon
temperature conceniration
(°C)
Measured radon concentration (Bq.m>)
50 100 150 200 400 800
+10 1.10 119 122 124 126 127
+5 1.02 102 102 102 142 1.1
0 0.97 092 09 0389 0388 (.87
-5 0.94 085 0.8 081 078 077
-10 0.01 08¢ 076 074 071 0.70
-15 0.88 076 071 069 066 064
-20 0.86 072 068 065 062 060

The factor was calculated for a typical Finnish low-rise house
with nataral ventilation and a diffusion source strength of
6 Bq.m *h~', an annual average temperature of + 3.8 °C and
an air exchange rate of 0.40 h™' (calculated at outdoor tempera-
ture of 0 °C and wind speed of 4.3 m.s™"),
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using this factor, 85% of houses exceeding the measured
annual average of+400 Bqm™ would be included. On
the other hand, 7% of the 107 houses chosen, exceeding
the winter concentration of 500 Bq.m™3, did not exceed
the measured annual average of 400 Bq.m™*. Thus, the
predictive power of the half-year winter measurement
is high.

CONCLUSION

The physical behaviour of the diffusive radon entry
into buildings, pressure difference driven air flow from
soil and air infiltration explain the seasonal behaviour
of indoer radon concentration. In the cold Nerdic cli-
mate, the ventilation through open windows generally
does not contribute markedly to total air infiltration.
Therefore model predictions which do not take open
windows into account are, nevertheless, in good agree-
ment with the measured results, Discrepancy between
the single compartment model and occurrence of radon
in real dwellings as well as the variation in summertime
ventilation through windows are the factors most affect-
ing the difference between measured and predicted
results.

The following four observations support the interpret-
ation that soil gas radon makes a considerable contri-
bution to radon concentrations in flats. However, the
leakage routes and the magnitude of the contribution
remain to be determined in further studies. The obser-
vations are:

(1) Exhalation measurements of concrete samples give
lower source strength estimates than direct source
strength measurements in flats.

(2) The winter/summer ratios in ground floor flais with
ground contact were similar to those in flats without
ground contact.

(3) The winter/surmmer ratios in flats were similar to
those in low-rise residential houses. In low-rise
houses, high scil gas entry rate in winter clearly
affects the ratios.

{4) The convexity of the cumulative distribution of the
radon concentrations in flats ¢can be to some degree
explained by the radon coming directly from

ground.

In Finland, the range of the total diffusive radon entry
rate from building materials and from soil is not broad,
and the variation in radon transported by soil gas flow
is the main reason for variations in indoor radon cencen-
tration. [n countries with relatively higher contributions
from building materials, the winter/summer ratios
should be lower.

The model is a useful tool for estimating the average
correction factor for the annual average radon concen-
tration from the two months measurements used in Fin-
land. Typical correction factors vary in the range of 1.0-
0.7, depending on the outdoor temperature and on radon
concentration level, The mean of the winter/summer
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ratio was 1.28 in low-rise residential houses. However,  winter/summer ratios for houses with varying radon lev-
in winter concentration groups of <50, 50-100, 100~ els, without consideration of the radon concentration
200 and 200 Bq.m™, the ratios were 0.97, 1.22, 1.34  due to different radon sources, causes inaccuracy in the
and 1.55 respectively. Using a simple average of information on seasonal variation.
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